This paper investigates the sensorless control of a general Five-phase permanent magnet brushless DC (5 -BLDC) motor working at the low speeds. High frequency (HF) injection-based sensorless control is most popular, however, the system delay and stator resistance could deteriorate the sensorless control performance. In this paper, an HF model of 5 BLDCs at frequency-domain is primarily established as a replacement over the conventional static model, and an interpretation from the sinusoidal internal model is carried out to direct the sensorless control implementation. Accordingly, the measured d-axis HF current, which is typically neglected in the conventional method, is reused to demodulate the position angular information from the measured q-axis HF current. The proposed sensorless control is performed on a 5 BLDC drive, and experimental results confirm the effectiveness of this method while comparing its performance with the conventional method.
I. INTRODUCTION
Due to its high-power density and high reliability as well as the excellent fault-tolerant capacities, the multi-phase machine has attracted tremendous attention in recent years and has been replacing three-phase (3 ) motor drive in many applications [1] , [2] . In several specified applications, some of these outstanding features may be required to be enhanced early in the motor design stage, and this implies the other features are probably weakened as a compromise. For instance, the fault-tolerant capacities are mostly appreciated in the safety-crucial fields. In this regard, the motor is subject to a modular design and presents low mutual inductances between phases for the sake of magnetic and thermal isolation. Given this, the independent inverter for each phase winding is more suitable for this type of fault-tolerant motor [3] . While in the electric propulsion and electric vehicle systems, the highpower density shall be primarily fulfilled because the motor drive is supposed to work in a very compact environment. In this consideration, the motor tends to have a trapezoidal The associate editor coordinating the review of this manuscript and approving it for publication was Atif Iqbal .
Back-EMF and extra reluctance torque for improving the torque production. The former type of motor is termed a faulttolerant motor (FTM) in the previous literature whereas the latter is referred to as a BLDC motor [4] - [6] . In a five-phase (5 ) BLDC motor, the stator windings are wounded in a trapezoidal manner and give a trapezoidal back EMF. In order to improve the power density, the phase current fed to BLDC motor is also of the quasi-rectangular shape which mainly consists of the fundamental and third harmonics. The 5 BLDC with a star-connected stator winding is more general in most applications due to its simplicity in the structure design and manufacturing, but its vector control can be quite burdensome in computation. For instance, the decoupled model of a BLDC motor is represented in two separated rotating sub-spaces [7] , and consequently, the Filed Oriented Control (FOC) can be complex which comprises four current PI regulators and a quite involved SVPWM (space voltage PWM) scheme. Apart from the motor structural design, the fault-tolerant performance of 5Ph drives can also be enhanced from the aspect of the software, i.e., the faulttolerant control (FTC) algorithms [1] , [3] , [6] , [8] . Currently, most available articles concentrate on the disturbance-free operation of the multiphase drive with the failure of one or more phases. By maintaining undisturbed rotating Magneto-Motive Force (MMF) before and after the fault, the multiphase machine still operates properly only by the reconfiguration of remaining phase currents, and thus the reliabilities of multiphase drive can be further improved. Generally, the fault in the mechanical position sensor is also a common type of inadvertent failure. To guarantee the FOC of multiphase drives, sensorless control should be developed as a backup strategy in case of the failure of mechanical position sensors. However, due to the ever-increasing complexity of FOC, only limited computational resources of the adopted digital controller can be allocated for the sensorless control scheme, and this implies the sensorless control, which is fairly simple and effective, is very much appreciated in the case of 5 BLDC drives.
The sensorless control of three-phase (3 ) motor drives has been extensively discussed in the literature, and it falls into two categories: the fundamental model-based method and the saliency tracking-based method [9] , [10] . Of these, the former method usually utilizes the back Electromotive Force (EMF) observer or flux linkage observer for the estimation of the rotor position. Among the techniques of reconstructing back-EMFs, the sliding mode observer stands out due to less sensitivity to mismatched uncertainties [9] . However, at low speeds, the back EMFs are too small to observe and thus these methods usually fail. At low speeds, the saliency tracking-based method appears as an alternative solution without recourse to the machine model [10] . This method is realized by continuously superimposing a high frequency (HF) signal upon the fundamental voltage or current, hence even in the absence of fundamental currents, the rotor position can still be recognized by using HF signals. The HF injection based sensorless control has been widely used in 3 drives, and tens of thousands of articles have been published since it was first presented. Basically, the 5 BLDC includes a sub-model which can be represented by a 3 PMSM model, thus the prior review of the techniques that are originally intended for 3 PMSMs is meaningful to the successful sensorless control of a 5 BLDC.
The state of the art method is the injection of an HF sinusoidal signal from the (estimated) d-axis which helps to mitigate torque oscillation, and this method can be further divided into sinusoidal current and voltage injections. The sinusoidal voltage injection possesses the advantage of the ease of implementation and thereby is dominant in most applications. Recently, the sinusoidal current injection also gains some attention where quasi-resonant controllers (QRC) are adopted to track HF currents [11] . Nevertheless, the zeroerror tracking control of HF signals is still difficult due to the sample and zero-hold effect [12] , and most importantly, the inclusion of QRC increases the risk of system instability and thus should be carefully designed.
In the sinusoidal signal injection, the convergence time of position or speed estimate is sluggish due to the frequency discrimination filters, e.g., the high-pass filter (HPF) and band-pass filters (BPFs) during HF signal separation [13] . Yoon et al. [14] , first put forward a square-wave injection for the purpose of extending the bandwidth of position estimation as well as the speed operation range. The injection frequency is up to a half of the switching frequency (in some literature this frequency equals the switching frequency [15] ) [16] and a non-filter based HF separation methodology is adopted, instead of the BPF or HPF. Through, an improved dynamic within the full speed range is achieved, this method is susceptible to system noises and measurement errors. In [17] , an orthogonal square-wave voltage injection, of which the frequency is one-quarter of the switching frequency, is presented as a replacement over the classical rotating HF injection. However, only a low-speed sensorless control is accomplished, rather than the expected full speed range. Except for the digital delay, this method also raises serious concerns about the dc voltage utilization. That is, the magnitude of square-wave voltage has to be increased remarkably, in order to induce sufficient HF currents that can be sensed by the digital controller, and this can easily lead to the PWM over-modulation. Besides, the modulation of ultrahigh frequency voltage via inverter chopping maybe not as efficient as it seems. This problem is aware of in [18] , and an asymmetrical SVPWM is suggested to modulate the squarewave voltage. Additionally, thermal issues due to ultra-high frequency injection may cause irreversible demagnetization of PMs, and thereby this ultra-high frequency injection method is typically avoided in the industrial applications. Consequently, the effort of pursuing full speed range sensorless control seems to be fading, and a decent frequency injection around several hundred Hz is in the ascendant. For instance, Yousefi-Talouki et al. [19] , combined the active flux and classical HF injection for sensorless direct-flux vector control of synchronous reluctance machines, with proven adaptability. Sensorless control of three-phase fourswitch inverter-driven motor with merely one single current sensor is investigated under 1 kHz injection [20] . Besides, in [21] , the combination of high-bandwidth power switch SIC (working at 100 kHz) with a high-end FPGA is attempted under a 2 kHz injection (which is still classified as a typical HF injection while comparing with the switching frequency).
The typical HF injection (FFI) produces harsh noises that may impact the customer experience in some special applications. In this consideration, a pseudorandom (or variable) frequency injection (PFI), which is claimed to be able to reduce audible noises, emerges as a hot topic regarding the household appliances. In this methodology, the injection frequency usually varies between several alternative frequencies. Since the injection frequency is inconstant, the bandwidth of the incorporated HPFs or BPFs (during the HF signal separation), as well as their natural frequencies, are also supposed to follow the change of the injection frequencies [22] . Regardless of the indispensable frequency adaptive BPF (which is quite time consuming compared to its fixed frequency counterpart), the system delay has also to be considered during the HF signal discrimination. The time delays have limited impacts on the fundamental current/voltage; however, they can be comparable to the injected HF signal. Du et al. [22] , proposed a bandwidth tunable resonant controller with a phase lead correction (which is 2 sampling periods prior), to enhance the tracking performance of HF currents whose frequency, however, varies. Zhang et al. [23] , developed a delay-tolerant scheme to cancel the overall system delay in the implementation of PFI. In addition to this, in [24] , a zero-voltage vector injection, which is reported to be capable to reduce audible noises, is presented along with a modified SVPWM. However, the rotor position estimate, which is demodulated from the derivative of the sampled currents, can be quite susceptible to system noises as well as measurement errors. On the other hand, audible noise is also possible to be reduced by lowering the injection frequency. In [25] , a low-frequency square-wave voltage (120V/50Hz) injection is presented to estimate the rotor position, but, Nimura et al. [13] , claims that the filter for signal separation can degrade the current dynamics under a low frequency (LF) injection. To address this, an LF current estimator, which is parameter-dependent, is proposed to remove the LF component of the feedback current. However, the estimator is established on the premise that the estimated d-q frame has been well aligned with the actual one, and this means the presented estimation is probably inaccurate once a deviation occurs between these two frames. Another issue worthy of concern is the phase resistance during the separation of the injection frequency signals. The phase resistance is comparable to the phase reactance under the LF injection and thus cannot be ignored any longer. As noted in [13] that the stator resistance could lead to a considerable estimation error.
To sum up, the fixed high-frequency voltage injection, which has been intensively investigated in the literature, is still appealing in many fields due to its simplicity and robustness. The recently emerged advanced injections, either ultra-high frequency injection, or variable-frequency injection, or low-frequency injection, are, to some extent, adapted from this most basic HF injection scheme. Though certain specific performance can be enhanced with these advanced injections, the defects are also obvious. To the authors' knowledge, a slightly lowered injection frequency is attractive considering today's hardware technologies, and it also benefits from the reduced audible noise, the increased frequency resolution of the injected signal, reduced iron loss, and a preserved DC bus usage. However, as aforementioned the injection frequency cannot be too low otherwise the stator resistance will be dominant which makes it difficult to perform the frequency discrimination. In short, the injection frequency should be carefully designed to improve the sensorless control performance, and this is one purpose of this paper.
In the previous literature, a simplified static HF model is always employed to help perform the sensorless control. However, this is insufficient to solve problems in connection with system delay, stator resistance, and injection frequency optimization. To this end, this work goes one step further by developing a frequency-domain HF model for a general 5 BLDC motor in consideration of the above issues. An interpretation of the sensorless control from the sinusoidal internal model is presented. Accordingly, the sensorless control performance can be improved by lowering the injection frequency and using a novel position demodulation method basing on Lock-in Amplifier (LIA). To be specific, both the reference and modulated signals are taken from the measured currents, and thanks to this, the influence of system delay and stator resistance are possible to be mitigated.
The remainder of this paper is organized as follows: sector II highlights the challenge in performing the sensorless control of a 5 BLDC drive; sector III develops a comprehensive HF motor model incorporating several factors that are somehow neglected in the previous literature; in sector IV details the novelties of this paper which are, respectively, system delay offsetting and injection frequency optimization; in sector V comparative experiments with the classical method are conducted; and lastly sector VI concludes the contribution of this paper.
II. CHALLENGES OF THE SENSORLESS CONTROL OF 5 BLDC MOTOR DRIVES
The mathematical model of a 5 PMSM at phase stationary fame is complicated, and for the purpose of vector control the transformation of 5 motor model to synchronous frame is preferred and it is given by [7] , [26] , [27] 
where u d , u q are the fundamental voltages projected into the synchronous speed rotating space (fundamental subspace); i d , i q fundamental subspace currents; u d3 , u q3 third harmonic voltages projected into three times synchronous speed rotating space (third subspace); i d3 , i q3 third subspace currents; L d , L q fundamental subspace inductances; L d3 , L q3 third subspace inductances; L 13 mutual-inductance between fundamental and third subspaces; λ m1 , λ m3 fundamental and 3rd harmonic of PM flux linkages; R phase resistance; and ω electrical angular speed.
With extended Clarke and Park transformations, stator currents of fundamental and third subspaces get decoupled from the rotor position and can be controlled separately. For a 5 BLDC motor, the stator current is controlled in a quasirectangular waveform to match the trapezoidal back EMFs. To achieve this, the third subspace currents (i.e., i d3 = 0 and i q3 = constant) are applied into motor windings whereas the rotor position is obtained with an encoder or a resolver. This is quite different from a 3 -BLDC where quasi-rectangular wave current is achieved by a six-step phase commutation. Consequently, the torque profile of 5 BLDC motors is much smoother but at the expense of using a mechanical position sensor. To remove the fragile mechanical sensor, sensorless control should be developed. Figure 1 shows the block diagram of the widely investigated sensorless control in the case of a 5 BLDC drive. In this diagram, an ideal HF voltage reference (represented by V inj cos ω inj t) is injected into the (estimated) d-axis, and then following a position estimator one can derive the position estimate which is, in turn, fed to the FOC. To ensure this HF voltage is of the pure cosine function and not contaminated by the output of the d-axis PI controller, a d-axis LPF (usually a 2 nd order LPF) is added into the d-axis current closed-loop. The HF component of i d is considerable and difficult to be fully removed by merely the PI regulator, and thus the usage of LPF 1 is unavoidable. Obviously, the presence of LPF 1 degrades the current loop dynamics and may even lead to instabilities [13] , [28] . In this consideration, it is imperative to cancel LPF 1 . One additional LPF (i.e., LPF 2 ) is also incorporated to reject the unexpected harmonics in the event of i q,ref step change. In other words, in the transient state, it is difficult to discriminate the expected signal from interferences, however, this problem can be alleviated by including LPF 2 . The presence of LPF 2 degrades the speed loop dynamics, however, this is unavoidable for a robust speed control due to the need for attenuating signals at the unwanted frequencies.
On the other side, in an inverter-driven motor drive, the HF current of interest is distorted due to the PWM updating mode, system noises, zero-order hold effect, etc. The system noises can be suppressed by digital BPFs which, however, introduces more digital delays. Besides, the ideal HF voltage reference is leading ahead of the actual HF voltage by one or a half switching period, depending on PWM update modes, and this could cause another time delay to the HF current of interest [22] - [24] . In sum, the phase relationship between the ideal HF voltage reference and the measured HF current becomes indeterministic, therefore the sensorless control performance can be degraded. Currently, a state-of-the-art method to sort out this problem is a time delay compensation method where the overall system delay is assumed 1.5 sampling periods [17] , [29] , [30] . However, as explained in numerous literature, the system delay is hard to be quantified accurately [23] , [31] . To this end, this paper firstly develops an HF motor model incorporating system delays and phase resistance.
In addition to this, due to the ever-increasing complexity of FOC, only limited computational resources of the adopted digital controller can be allocated for the sensorless control scheme, and thus the sensorless control, which is supposed to be fairly simple and effective, is appreciated in 5 BLDC drives. This indicates the sensorless control shall not be performed at the expense of increasing the system complexity.
III. FREQUENCY-DOMAIN HF MODEL
To form quasi-rectangular waveform currents, vector control of i d = 0, i d3 = 0, i q = constant, and i q3 = constant is preferred. The FOC of 5 motor is almost the same with a 3 drive except that it is performed in two independent sub-spaces. Consequently, sensorless control of a 5 BLDC motor at low speeds can take examples from a 3 motor drive. In the conventional method, a static HF model representation under a fixed frequency is employed to direct the sensorless control implementation. However, this HF model, where the R and ω have been omitted, is so idealized that it is difficult to infer the lowest feasible injection frequency. Thus, this paper attempts to develop a frequency-domain HF model, incorporating R and ω, and this is crucial to illustrate the proposed sensorless control method. From the viewpoint of small-signal modeling, HF injection-based sensorless control can be interpreted as the injection of a small HF signal over the motor steady-state operation point and inferring motor operation state from the HF responses.
Assume inputs of a perturbed system are
where u d , u q are static motor terminal voltages, u dh , u qh are motor voltage perturbations, and u denotes system input vector.
The perturbations in the motor state variables can be given by
where i d , i q are the static motor phase currents, i dh , i qh are motor current perturbations, and x denotes system state vector.
The motor speed is assumed constant because the shaft inertial constant is much larger than the electromagnetic VOLUME 7, 2019 constant. Thereby, a small signal representation, which is separated from the steady-state working point, can be given by
It makes no sense to establish a small signal model under the real d-q frame as the rotor position is missing and thus transforming u dh and u qh into the estimated d-q frame yields
where θ is the position estimation error, which is given by
The relationship between real and the estimated d-q frame can be formulated by
In the above equations, symbols with a hat ''ˆ'' indicate the estimated quantities. From (4), certain current disturbances from 3 rd sub-space are coupled into the 1 st sub-space via L 13 , and to simplify the analysis we define
where ud 13h , uq 13h denote voltage disturbances due to the mutual inductance between the 1st sub-space and 3rd subspace. Substituting (7) and (8) into (4), it yields a small signal model at an estimated d-q frame
where 
where the letter ''A'' indicates HF admittance. Figure 2 describes the block diagram of the HF model incorporating the system delay and the phase resistance. In this figure, Id h , Iq h are the filtered HF signals, and Ud h , Uq h are ideal HF voltage references. Obviously, the filtered HF current has a poor correlation with the ideal HF voltage reference because of numerous delays as well as the resistance. To tackle this, the time delay compensation, which is deemed quantifiable, is suggested in some literature, however, this is still not accurate enough. 
IV. THE PROPOSED REMEDY METHOD A. FREQUENCY DOMAIN ANALYSIS
Assume a d-axis voltage injection is applied, which is represented by Ud h , Uq h = Ud h , 0 , and this results in a delayed HF voltage over the motor winding after inverter chopping. This actual HF voltage excites substantial HF currents that contain the θ-related information. To remove system noises, including the static current bias, on-board LPFs, and digital 2 nd bandpass filters are successively applied. From Figure 2 , Id h and id h (as well as Iq h and iq h ) has the following relationship
where Delay(s) indicates the overall system delay during separating HF currents. One the other hand, one can have ud 13h , uq 13h = [0, 0] due to the absence of HF currents at 3 rd sub-space. Therefore, Figure 2 can be simplified as the following: where ξ = R s ω r
and
In the above equations, ω r is the natural frequency of this plant model; ξ is the damping factor; and k iq,sin , k iq,cos , k id,sin , k id,cos are gains that possess special meanings related to sinusoidal internal models. Now consider the Laplace transform of sine (or cosine) functions, which is the model transformation to the frequency domain from the time-domain [32] , [33] .
where L denotes the Laplace operator. Actually, (18) always acts as the resonant controller to track the AC reference, and this is one typical application scenario of the internal model principle. However, controllers indicated by (18) are with a narrow bandwidth, and by including a damping factor into the denominators, the bandwidth of transfer-functions in (18) has potential to be expanded, and this yields the following representations 
where G Quasi-sin (s), and G Quasi-cos (s) denote, respectively, the quasi-sin and quasi-cos internal model representations. Clearly, the presented plant model can be viewed as a combination of a quasi-sin and quasi-cos transfer functions, which can be given by
Id h Vd h = K id,sin G Quasi-sin (s) + K id,cos G Quasi-cos (s)
Vd h = Ud h e −Ts Delay (s)
where Vd h represents a virtual HF voltage which takes into account the system delay. Figure 3 shows the bode plots of quasi-sin and quasi-cos sub-plant models. As is evident that a substantial phase lag is generated with regard to the frequency of interest when the injection frequency is improperly lowered. This also explains why the resistance, which is usually ignored, must be carefully re-considered in the case of a lower frequency injection. Besides, in the conventional method, the terme −Ts Delay (s) in (22) is modeled to be 1.5 sampling periods, however, this may be not accurate enough in consideration of the hardware delays. Given these, it is urgent to develop a more robust HFbased sensorless control that is immune to system delay and the resistance effect.
The above dynamic system model plays an important role in the implementation of the proposed sensorless control, and some important properties of the HF plant model have the potential to be disclosed: 1): The derived plant model can be viewed as a combination of a quasi-cos sub-plant and a quasi-sin sub-plant. In each frequency, the outputs of these two sub-plants are mutually orthogonal, and this can be easily understood by the orthogonality of sine and cosine functions.
2):
Only quasi-cos sub-plant of (20) is preferred for sensorless control due to that the coefficient k id,cos contains the θ -related information whereas the quasi-sin sub-plant acts as a disturbance. The magnitudes of k iq,cos and k iq,cos are almost identical, and this indicates the plant output is a fusion of the target signal and disturbance, however, neither of them can be dominant or rather both of them are dominant.
B. PHASE LOCKING OF THE MEASURED d-AXIS HF CURRENT
HF voltage injection is investigated in this paper, and specially, a lock-in amplifier is employed to extract θ under the noisy environment. The phase relation between the target and disturbance signals is what we are utmost concerned. According to the principle of correlation detection, the disturbance can be efficiently eliminated by multiplying it with its orthonormal reference and taking the mean value, and this can be understood by the following manipulation [34] , [35] .
where A n cos ωt denotes the disturbance and sin ωt is its orthonormal reference. VOLUME 7, 2019 And the target signal can be reserved in term of a DC signal, which is given by
where A T sin ωt denotes the target signal. As aforementioned, the presented plant model can be viewed as a combination of two orthogonal sub-plants where the quasi-sin sub-plant output is a disturbance. However, time-delay compensation represented by sin(ω Inj t-1.5ω Injt T s ) is not enough to suppress disturbances or noises. Therefore, the key to solving this problem changes to finding a standard reference, which is orthogonal to the disturbance, as a replacement over the most-adopted sine function. When reviewing the d-axis HF plant as shown in (21), it is interesting to find that the d-axis HF plant almost possesses similar constituents with the q-axis HF plant. If the d-axis HF plant can be infinitely approximate to a single quasi-cos model, then the problem suffered in the conventional method can be easily resolved.
Assume above approximation holds which, however, may be conditional. Equation (25) shares the same internal model with the target sub-plant of (20) , and this implies that the target signal, which contains θ -related information, is always in phase with Id h when the estimated d-axis leads ahead of the real d-axis and anti-phased when the estimated d-axis lags behind. Thus, a standard reference in phase with Id h is more suitable to extract θ in practice. From Figure 2 , the d-axis current is delayed concurrently with the q-axis current, and this means no phase shift between them. Then this crucial standard reference can be derived by the following manipulation
Actually (26) acts as a phase-lock loop (PLL), and the output of this PLL is also a square waveform. Evidently, this method for locking the phase of the input signal is quite easy to implement and the resulted reference can keep in pace with the input signal dynamically.
C. INJECTION FREQUENCY CHOICE
As aforementioned, (25) may conditionally hold, and this is up to the injection frequency preference. Notice that it is impossible to achieve (25) over all frequencies; however, this approximation at the injection frequency can be at least achieved by applying the following constraint (27) where ω inj is the angular frequency of the injected signal. Accordingly, the constraint for the frequency preference can be given by the following constraints
ω inj = ω sw n , n = 1, 2, 3, 4, 5 · · · · · · (29)
where ω sw denotes the switching frequency and is given in the form of the angular frequency. Equation (29) implies that the injection frequency shall be the integer division of switching frequency. For the ease of HF separation, the injection frequency is supposed to be far away from the fundamental frequency.
Assuming the maximum motor speed is about 100 rpm and considering a ±10% measurement error (ME) of L d and L q as well as a ±10 • position estimation error in the steady state, the feasible minimal injection frequency can be primarily determined, which is plotted in Figure 4 . Accordingly, the injection frequency can be lowered to 257.5Hz under the 10.3kHz switching frequency. It has to be noted that this minimum injection frequency can be further lowered in some motor drives with a larger structural saliency. 
D. θ DEMODULATION
The injected HF voltage can be either a sinusoidal or squarewave signal. However, the square-wave signal is much easier to generate in a Digital Signal Processor (DSP) than the sinusoidal signal, and thus square-wave signal injection is preferred. It must be also noticed that this square-wave injection is different from the traditional one in the previous literature whose frequency is up to 1/2 or 4 of switching frequency [11] , [12] .
Assume a d-axis square-wave HF voltage is applied into the motor, which can be represented by v inj sign cos
This signal consists of abundant harmonics where the 1st harmonic (the desired harmonic) is dominant. The higherorder harmonics are almost attenuated by phase inductances and only the 1st harmonic is preserved in the form of the HF current. Notice that this induced HF current can, in turn, contaminate the ideal HF voltage injection through the PI regulator. In conventional methods, a d-axis LPF is employed to filter out these HF currents, which, however, impacts the system stability. In this paper, this LPF can be canceled and therefore the injected HF voltage is a mix of the ideal square wave voltage and the PI output
In this consideration, the virtual HF voltage, which incorporates numerous time delays, can be given by
where ψ x implies that the phase angle of Vd h , which is yet unknown to us. According to (20) and (21), the induced HF currents can be given by
where ψ y indicates the phase lag of the quasi-cos transfer function; k cos , and k sin represent gains of, respectively, quasicos and quasi-sin sub-plants at the injection frequency; and the phase lag π /2 in (34) can be inferred by the orthogonality of quasi-sin and quasi-cos sub-plants. Notice that θ-related information is contained in the k iq,cos , which can be computed with the aid of Id h . Accordingly, the standard reference, which is taken from the measured d-axis current, is given as below
In this paper, this square-wave reference, instead of sin(ω Inj t-1.5ω Injt T s ) in Figure 1 , is finally used to demodulate position error information from the measured q-axis HF current. Figure 5 shows the proposed method for position error demodulation which is based on the LIA method. In this figure, i d and i q represent the input errors of PI 1 and PI 2 , respectively, of which the DC offset has been removed. The utilized BPF takes the form of the quasi-cos transfer function as shown in (19) . The d-and q-axis BPFs work in parallel and share the same preferences, and thus one only needs to focus on one of the BPFs in the filter design. Theoretically, the bandwidth of this BPF can be set to twice the injection frequency, which is supposed to damp the (transient state) DC offset of i d and i q . However, due to the relatively low sampling rate when measuring the injection frequency, the performance of BPF downgrades a lot. Therefore, in a real drive, the bandwidth is determined through empirical analysis (i.e., trial and error) which is 0.45ω r in this case.
The product shown in Figure 5 acts as a phase-sensitive detector and multiplying (34) by (36) yields
In the above equation, only the target signal can be transformed into a DC component, whereas the spectrum of disturbances is mapped to twice the frequencies or higher. Thus, the position error information can be identified by passing the product through a 2 nd LPF and keeping the mean value, and it can be given by
The employed 2 nd LPF takes the form of the quasi-sin transfer function as shown in (19) . Fortunately, the sampling rate of the LPF is much higher than the frequency to be measured, and this means the filter design can be easier and more idealized. In this paper the measured frequency is 0Hz, and the unwanted frequencies are twice the injection frequency. In this consideration, the cutoff frequency of the 2 nd LPF is set to 51.5Hz, and the attenuation rate beyond the cutoff frequency is 40 dB/dec. As θ can be precisely measured in the proposed method, this indicates that position estimation accuracy has the potential to be improved. The rotor speed and position estimates can be obtained by the PI and the followed integrator in Figure 5 , and the cut-off frequency setting of LPF 3 is referenced to the rotational inertial of the studied motor drive. Consequently, the speed dynamic of sensorless control is relatively slow compared to the version with a mechanical position sensor. This can be explained by the fact that it always necessitates several injection cycles to estimate a reliable position with the sensorless control scheme, whereas this crucial position can be measured instantaneously with a mechanical position sensor. Figure 6 demonstrates the experimental test rig which comprises a star-connected 5 BLDC Motor, a Half-Bridge IGBT-Based Inverter, and a DC Generator as the load. A 32-bit floating-point DSP (TMS320F28335) joint with an FPGA (XC3S500E) is exploited for the implementation of the overall control scheme. The clock rate of the FPGA is configured to 25MHz, the pulse counter works in an up/down counting mode with the time period register being 0xFFFF. The pulse counter is incremented/decremented by 52 per FPGA clock cycle, and this indicates the PWM frequency can only be about 10.30kHz in this case which is unfortunately not an integer. A synchronization event is generated when the counter hits the preset timer period and it further signals the ADC (or DSP) to start a conversion. In the meantime, the PWM comparator is reloaded, which implies that the typical single PWM-uploading mode is adopted in this work. On completion of the conversion, the CPU core inside the DSP is interrupted to execute the proposed control scheme. An optical encoder is mounted on the shaft to measure the actual rotor position for comparison with the estimate. The rotational inertia of this drive is about 0.12kg · m 2 , the DC-link voltage is about 200V, and the HF square-wave current is 20V/257.5Hz (which is 1/4 of the PWM frequency).
V. EXPERIMENTAL RESULTS
Experimental test rig.
The system delay, which is supposed to be 1.5 sampling periods in the previous literature [17] , [29] , has been compensated for during implementing the conventional sensorless control. Contrast experiments with the proposed method are also carried out. Some other parameters of this 5 BLDC are referred to Table 1 . Figure 7 evolves the experimental procedure for implementing the proposed sensorless control. As aforementioned, θ -related information, ε( θ ), is reflected by the amplitude of the target signal in Iq h , and an LIA is used to identify the target signal from the surrounding noises. In Figure 7 (a), a standard reference, H ref , is obtained by phase-locking of the measured d-axis HF current, Id h , and this reference is further utilized to demodulate θ from the measured q-axis HF current. In Figure 7 (a),Iq h , which is the combination of the target signal and disturbances, is multiplied by HF ref .
Consequently, the target signal becomes DC and all disturbances become twice the injection frequencies. Then with an LPF, all high-frequencies are remarkably attenuated. In Figure 7 (b) the filtered DC component is sent to a position observer, and then one can obtain the position and speed estimates. Since the d-axis current is delayed concurrently with the q-axis current given the same hardware and software configurations, this means no time delay between them. an initial position error of 30 • , which corresponds to the resolution of a binary hall-effect position sensor, is used to overwrite the initial value of the position observer. From Figure 8 (a), it takes 0.3s for the motor to successfully start under the conventional method. However, from Figure 8 (b) the settling time is only 0.12s which is more than halved, and this is owing to that the standard reference for θ extraction is always in phase with the target signal (or anti-phased, depending on the estimated d-axis lags behind or leads ahead of the actual d-axis). Figure 9 refers to the position estimation at 85 rpm under, respectively, the conventional and proposed methods. From Figure 9 (a), the position estimation error is up to 40 • in the conventional method and some oscillations are present probably due to the unmodelled time delay. From Figure 9 (b), the estimation error always stabilizes at 10 • and this is attributed to fact that θ can be precisely captured with the LIA, and this also confirms the superiority of the proposed method. the speed estimate always follows the actual speed swiftly as shown in Figure 10(d) . In both cases, the motor reversing can be accomplished, however, position re-tracking performance in the event of the internal disturbance is much desirable under the proposed method. Figure 11 shows the motor performance in response to the load disturbance under, respectively, the conventional and proposed methods. In this experiment, the speed loop is closed with the speed estimate and then loading is exerted after the motor entering the steady state. Since the speed estimate is with lots of HF ripples, an LPF is firstly used to filter out these undesirable ripples and then the speed estimate after the LPF is fed back to the speed PI regulator. From Figure 11 , it takes the motor about 750ms in both cases to re-track the predefined speed command in the presence of the external disturbance, and the speed response is sluggish. The slow dynamic of motor speed is caused by the inclusion of LPF 3 which, however, is unavoidable for robust speed control. The cut-off frequency of LPF is 15Hz which guarantees that most ripples are sufficiently rejected. Nevertheless, the speed behavior under the proposed method is more desirable in terms of the speed and/or position fluctuation. Figure 12 shows motor reversing with the speed PI regulator under, respectively, the conventional and the proposed methods. In this test, the speed estimate, which is also after LPF 3 , is fed back to the PI controller. From Figure 12 (a), the speed estimate deviates the actual speed too much in the transient state. Whereas in the proposed method the speed estimate is well able to re-track the real motor speed, and the position estimate is, therefore, quite smooth as evident in Figure 12(b) . The speed settling time in both cases is up to 500ms which is restricted to LPF 3 . Consequently, the superiority of the proposed sensorless control is confirmed. Figure 13 refers to the steady state position estimation error when the motor is operated at different rpm from 0 to the scheduled speed. In this figure, the absolute errors are utilized to assess the sensorless control performance under different sensorless controls. From Figure 13 , in both cases, the position estimation errors are smaller at low speeds and then increase along with the motor speed, and this coincides with common sense that HF-based sensorless control is most effective in the low-speed region. The estimation error under the proposed method ranges from 8.2 deg to 10.5 deg, whereas this error is between 12 deg to 24 deg under the classical method, and thus it is safe to conclude that the proposed sensorless control is much more superior. 
VI. CONCLUSION
This paper presented a more comprehensive high-frequency (HF) model to perform the sensorless control for a general 5 BLDC, instead of using a simplified static HF model employed in the previous works. A novel interpretation of the motor HF model from the sinusoidal internal model was conducted incorporating system delay and phase resistance. Accordingly, a standard reference, via phase locking of the measured d-axis current, was utilized for θ -extraction from the measured q-axis current. Thanks to this, the system delay can be offset by using the measured d-axis HF current, the d-axis low pass filter can be canceled, and the injection frequency was also possible to be lowered. The execution time of the proposed method in a DSP does even not increase when a square-wave voltage injection is adopted which is more resource-saving than the conventional sine/cosine function. Experimental testing of the proposed HF injection was conducted and compared with the conventional method (with a certain digital delay compensation), and the results indicate that the position estimation error under the proposed method can be remarkably improved.
